Predictions of the flow around the Aerospatiale A-airfoil at maximum lift, α = 13.3 • , and Re = 2 × 10 6 are obtained using solutions of the steady Reynolds-averaged NavierStokes (RANS) equations and using Detached-Eddy Simulation (DES). RANS predictions of the two-dimensional flow are computed using the Spalart-Allmaras and SST turbulence models. Solutions of the fully-turbulent flow are computed using both RANS models in addition to prediction of the flow with laminar separation near the leading edge using the tripless approach within the Spalart-Allmaras model. For the tripless case, transition from laminar-to-turbulent flow along the lower (pressure) surface was fixed by tripping the boundary layer at x/C = 0.3. The pressure coefficient in the RANS solutions are in reasonable agreement with measurements prior to the trailing edge separation. The tripless solution using the Spalart-Allmaras model predicts laminar separation at x/C = 0.088 with turbulent reattachment at x/C = 0.124 and followed by separation of the turbulent boundary layer near the trailing edge at x/C = 0.96. Trailing edge separation in the fully turbulent solutions is also further aft compared to the location reported in experiments, predicted at x/C = 0.88 using the Spalart-Allmaras model and at x/C = 0.92 using SST. Comparison of the mean velocity predictions to measurements shows a behavior consistent with the mismatch in separation location compared to measurements. Preliminary DES predictions are presented and aspects requiring future research are identified.
Introduction

P
REDICTION of complex flows that include laminar-to-turbulent transition, adverse pressure gradient, streamline curvature, and boundary layer separation remain among the most challenging for turbulence simulation strategies. A prototypical example that is the focus of the present investigation is the flow over an airfoil at maximum lift. Flow regimes are sensitive to the airfoil geometry, angle of attack, and Reynolds number and motivate various hierarchies of simulation strategies.
Reynolds-averaged Navier-Stokes (RANS) approaches remain the most widely applied simulation technique for complex flows. For flows that are not far from the thin shear layers used to calibrate the models, RANS approaches are often sufficient. In other regimes, e.g., flows with significant effects of separation and which are characterized by flow structures atypical compared to the thin (and usually attached) shear layers predicted by RANS models, techniques such as Large-Eddy Simulation (LES) are attractive. While LES carries a prohibitive computational cost for resolving boundary layer turbulence at high Reynolds of 13.3 • and Reynolds number of 2 × 10 6 , corresponding to maximum lift. The flow has been measured in separate experiments [5] , [6] and was the subject of an coordinated set of investigations through the LES-FOIL project (e.g., see Mellen et al. [7] for a recent overview).
The objective of the LESFOIL project was to advance Large-Eddy Simulation in particular, and Computational Fluid Dynamics in general, for predicting complex flows. Advantages of LES for the general case include the reduced sensitivity to modeling errors than occurring in RANS methods and the use of grid refinement as a means for increasing the fidelity of the predictions. Such features are quite unlike those in RANS approaches given the fixed modeling errors that exist, even in the fine-grid limit. The flow over an airfoil near maximum lift strongly challenges RANS methods, the inter-mingling of effects such as laminar-to-turbulent transition, adverse pressure gradient, streamline curvature, shallow separation, and reattachment complicating analysis and modeling. Unfortunately, one of the findings of the LESFOIL project is that even a narrow section of the airfoil, at a moderate Reynolds number and unswept, continues to pose an extreme cost challenge to LES. Mellen et al. [7] also noted that other aspects such as the numerical method, grid generation and mesh resolution requirements, especially in the near-wall region, coupled with considerations of the spanwise period in three-dimensional eddy-resolving computations stress essentially all elements of any simulation strategy.
Reported below are RANS predictions of the steadystate solution and DES of the time-dependent and three-dimensional flow. RANS predictions are obtained using two turbulence models -the SpalartAllmaras one-equation model [8] (referred to as S-A throughout) and the two-equation SST model of Menter [9] . As described below, a laminar separation (and subsequent transition to turbulence) along the suction surface occurs not far from the leading edge in the experiments. Using the S-A model, the tripless approach of Travin et al. [10] , which has the effect of disabling the turbulence model upstream of separation is employed for prediction of the flow with laminar separation. Both S-A and SST models are also used in fully turbulent simulations of the domain, i.e., for which the boundary layers from the leading edge of the airfoil are turbulent. Inter-comparisons are shown of the models and against experimental measurements of the mean flow. The S-A model forms the base for the DES predictions shown in the following sections.
Presented in the next section is a summary of the flow features over the Aerospatiale-A airfoil at maximum lift, followed by an outline of the computational approach, including grid construction and turbulence models. Properties of the RANS and DES predictions are then evaluated against measurements of the • (adapted from Mellen et al. [7] ).
velocity field, surface pressure, and skin friction distributions.
Approach
Flow Description
The flow considered is the same as used as the test case for the LESFOIL project: the Aerospatiale Aairfoil at an angle of attack α = 13.3
• , corresponding to the maximum lift configuration, and at a chordbased Reynolds number of 2 × 10 6 . The general characteristics of the flow are illustrated in Figure 1 . As summarized in Mellen et al. [7] , along the upper suction surface the laminar boundary layer experiences a free transition in a small laminar separation bubble with turbulent reattachment at around x/C = 0.12.
The turbulent boundary layer grows along the suction side of the airfoil, separating at x/C = 0.83, resulting in a recirculation that extends to the trailing edge. Measurements show that the reverse-flow region extends to roughly a wall-normal location y/C = 0.016 where y defines the coordinate normal to the suction surface and that the location of maximum reverse flow occurs at y/C = 0.003. Transition from laminar-toturbulent flow along the lower (pressure) surface was fixed in experiments by tripping the boundary layer at x/C = 0.3. Measurements were acquired in two different wind tunnels, the airfoil lift and drag were measured along with the skin friction and pressure distributions as well as mean velocity and Reynolds stress profiles at several stations along the airfoil and into the near-wake [5] , [6] .
One of the more difficult aspects of the prediction is the relatively high sensitivity of such flows with incipient and then shallow separation to details of the flow development. Small differences between simulations and experiments in the upstream flow can amplify with downstream development. Consequently, the flow is a more difficult case compared to other flows experiencing massive separation (e.g., airfoils at high angle of attack) or where separation is fixed by the geometry, e.g., as occurs at a sharp edge.
Turbulence Models Spalart-Allmaras
The Spalart-Allmaras RANS model solves an equation for the variableν which is dependent on the turbulent viscosity [8] . The model is derived based on empiricism and arguments of Galilean invariance, dimensional analysis and dependence on molecular viscosity. The model includes a wall destruction term that reduces the turbulent viscosity in the laminar sublayer and trip terms to provide smooth transition to turbulence. The transport equation for the working variableν used to form the eddy viscosity is written as,
Shear Stress Transport
The Shear Stress Transport (SST) model was developed by Menter [9] to improve the accuracy of the k-ω model for prediction of separated flows. The baseline form combines k-ε and k-ω formulations, using a parameter F 1 to bridge from k-ω near the wall to k-ε in the freestream. The transport equations governing k and ω take the form,
where τ ij above is the (modeled) turbulent shear stress. The switching function F 1 is given by,
The switching function F 1 is also used to determine the values of the model constants. If φ 1 represents a generic constant in the k-ω equations and φ 2 represents the same constant in the k-ε equations, then the model constants employed in (7) and (8) are determined by,
In the baseline version of the model the turbulent eddy viscosity is determined as µ t = ρk/ω. The SST model limits the turbulent shear stress to ρa 1 k where a 1 = 0.31. This in turn leads to an expression for the eddy viscosity,
where Ω is the absolute value of vorticity. The function F 2 is included to prevent singular behavior in the freestream where Ω goes to zero and is given by,
The k-ω model constants are given by σ k1 = 0.85, σ ω1 = 0.5, β 1 = 0.0750, β * = 0.09, κ = 0.41,
The values of the k-ε model constants are σ k2 = 1.0, σ ω2 = 0.856, β 1 = 0.0828,
Detached-Eddy Simulation
The DES formulation is obtained by replacing in the S-A model the distance to the nearest wall, d, by d, where d is defined as,
with the value of the additional model constant C DES = 0.65 set in simulations of homogeneous turbulence [11] . In (14) , ∆ is the largest distance between the cell center under consideration and the cell center of the neighbors (i.e., those cells sharing a face with the cell in question). In "natural" applications of DES, the wall-parallel grid spacings (e.g., streamwise and spanwise) are on the order of the boundary layer thickness, the S-A RANS model is retained throughout most or all of the boundary layer, i.e., d = d, and prediction of boundary layer separation is determined in the "RANS mode" of DES. Away from solid boundaries, the closure is a one-equation model for the subgrid scale eddy viscosity. When the production and destruction terms of the model are balanced, the length scale d = C DES ∆ in the LES region yields a Smagorinsky-like eddy viscosity ν ∝ S∆ 2 . Analogous to classical LES, the role of ∆ is to allow the energy cascade down to the grid size.
While most natural applications of DES treat the entire boundary layer in RANS mode, grid refinement in the wall-parallel directions (both streamwise and spanwise) layer will cause the RANS-LES interface to move nearer the wall, activating the DES limiter and reducing the eddy viscosity below its RANS levels. This process can degrade predictions if mesh densities are insufficient to support eddy content within the boundary layer, resulting in lower Reynolds stress levels compared to that provided by the RANS model [1] .
Flow solver and grid
In this work, the compressible Navier-Stokes equations are solved on unstructured grids using Cobalt. The numerical method is a cell-centered finite volume approach applicable to arbitrary cell topologies (e.g, hexahedra, prisms, tetrahedra) and described in Strang et al. [12] . The spatial operator uses the exact Riemann Solver of Gottlieb and Groth [13] , leastsquares gradient calculations using QR factorization to provide second order accuracy in space, and TVD flux limiters to limit extremes at cell faces. A point implicit method using analytic first-order inviscid and viscous Jacobians is used for advancement of the discretized system. For time-accurate computations, a Newton sub-iteration scheme is employed, the method is second order accurate in time. The domain decomposition library ParMETIS [14] is used for parallel implementation and provides optimal load balancing with a minimal surface interface between zones. Communication between processors is achieved using Message Passing Interface. Calculations were carried out on a domain that extends approximately eight chord lengths upstream of the leading edge of the airfoil. The domain downstream of the trailing edge extends about 20 chord lengths. In the cross-stream direction the grid extends ten chord lengths both above and below the airfoil. The computations reported in this manuscript were performed using structured C-type grids generated using Gridgen [15] . A view of the mesh in the vicinity of the airfoil is shown in Figure 2 . The grid is comprised of 945 points along the airfoil surface and 117 points normal to the wall. Of the 945 points along the airfoil, 693 are on the leading edge and upper (suction) surface with the remainder along the branch cut and the lower (pressure) surface. The mesh was designed to possess sufficient density to support boundary layer turbulence and the coordinate along the airfoil surface is resolved with approximately 10-12 points per boundary layer thickness beginning at roughly the half chord (x/C ≈ 0.50) -this determines the DES length scale (∆ = 0.0015C). The grids are clustered near the airfoil surface with the average distance from the wall to the first cell center less than one viscous unit (∆y/C = 4.7x10 −6 ). The cells were stretched at a geometric growth rate of 1.2 for the first 32 layers. At this point the wall normal spacing was about 0.0011C, slightly below the target grid spacing of 0.0015C. This wall normal spacing was maintained until outside the expected boundary layer thickness and separation bubble. After that, the wall normal spacing was stretched at a geometric growth rate of 1.1.
While possessing finer mesh spacing than typical for RANS calculations, the two-dimensional RANS predictions shown below were computed using the grid possessing 945 × 117 points. As also described below, for the DES the spanwise grid spacing is specified to yield comparable resolution, i.e., 10-12 points per boundary layer thickness beginning at x/C ≈ 0.50.
Results
RANS
Measurements show that the flow over the Aerospatiale-A airfoil experiences a laminar separation in the vicinity of the leading edge region, just downstream of the peak negative pressure along the suction side. Transition occurs in the separated shear layer with the reattached turbulent boundary layer evolving further along the suction side prior to a subsequent separation near the trailing edge. The laminar separation and transition is accounted for in the present S-A predictions using the "tripless" approach outlined by Travin et al. [10] . The tripless approach provides a means to accommodate the laminar separation and transition in the separated shear layer, in the present calculations represented by an activation of the turbulence model. The eddy viscosity upstream of the airfoil is zero, non-zero values are seeded into the suction side of the airfoil using a boundary layer trip at x/C = 0.2, which is downstream of the location of the laminar separation. In the initial stages before the calculation reaches steady state, reversing flow sweeps upstream eddy viscosity from regions downstream of the trip, bringing this fluid into contact with regions of zero eddy viscosity. The recirculation in the separation bubble near the leading edge then sustains the model and at steady state the turbulence model is active slightly downstream of the point of flow separation. A second boundary layer trip is located at x/C = 0.3 along the pressure surface, the same location as used in the experiments.
Predictions are also obtained of the fully-turbulent flow using the S-A and SST turbulence models. The fully-turbulent solutions are computed by seeding a small level of eddy viscosity into the upstream flow, sufficient to ignite the turbulence model as the fluid enters the boundary layers. As shown in Figure 4 , the initial (laminar) separation near the leading edge does not occur in the fully turbulent solutions. Other aspects of these calculations are also different from the tripless solutions and are described below.
Streamlines from the tripless S-A RANS predictions are shown in Figure 3 . The zoomed view in the lower frame highlights the small separation bubble which is initiated at x/C = 0.0088, the figure showing velocity vectors colored by the eddy viscosity ratio. The turbulent flow then reattaches at x/C = 0.124, in good agreement with experimental measurements (e.g., see Mellen et al. [7] ). A second separation is predicted in the tripless S-A result near the trailing edge, beginning at at x/C = 0.96. The trailing edge (turbulent) separation is further aft of the value reported in experiments, x/C = 0.83 [7] .
Streamlines and contours of the velocity magnitude from each of the RANS predictions are shown in Figure 4 . The airfoil has been extruded in the direction normal to the plane showing the velocity magnitude in order to also plot the contour (isosurface in the figure) of zero streamwise velocity. This view shows the separation bubble beginning at x/C = 0.088 in the tripless S-A prediction (upper frame). Figure 4 also shows that there is no leading edge separation in the fully turbulent S-A and SST predictions, the turbulent state of the boundary layer in these simulations possessing sufficient momentum to resist leading-edge separation. The fully-turbulent S-A result (middle frame) predicts separation at x/C = 0.88 and SST (lower frame) predicts boundary layer separation at x/C = 0.92. The separation locations in the fully turbulent runs are both closer to that deduced in experiments compared to the tripless result. Figure 4 also indicates that the displacement effects deduced from the velocity magnitude in the tripless result (top frame) appear slightly smaller than in either of the fully turbulent solutions, with the largest differences visible between the tripless S-A and fully turbulent SST predictions. As tabulated below, the lift and drag predictions from the tripless S-A calculation are consistent with a smaller effect of the separation compared to the fully turbulent runs.
The pressure coefficient over the airfoil on both the pressure and suction sides and an enlarged view of the trailing edge region is shown in Figure 5 . The figures show that compared to the experimental measurements, the overall pressure distribution is adequately captured by both fully turbulent solutions over the pressure side and for the suction side upstream of the region strongly influenced by the trailing edge separation (x/C > 0.8). The enlarged view of the pressure coefficient distribution in the lower frame of Figure 5 shows the fully turbulent solutions are closer to the experimental measurements than the tripless prediction. The mismatch between the RANS and measurements depicted in the lower frame of the figure illustrates one of the outcomes of the differences in the separation prediction. Differences in the location of separation and in the characteristics of the separated flow region both contributing to the less negative C p predicted by the RANS models along the suction surface and illustrated in Figure 5 . The tripless S-A result shown in Figure 5 also yields a larger peak pressure near the leading edge of the suction side than measured or predicted by either of the fully turbulent S-A or SST runs. The larger peak suction is similar to the behavior observed in previous computations which also showed larger suction pressures in predictions with delayed trailing edge separation, a result attributed to changes in the airfoil circulation [7] .
A notable difference between the fully turbulent and tripless predictions is apparent for the suction-side pressure distribution near the airfoil leading edge. In the vicinity x/C ≈ 0.1 the tripless prediction shows a slight plateau in the pressure distribution, a result of the laminar separation bubble captured in this calculation (c.f., Figure 4 ), though not in either of the fully turbulent runs. Previous LES calculations of the flow were also able to resolve the laminar separation, in addition to details of the transition process, though at a substantially increased cost [16] . The skin friction coefficient over the suction side of the airfoil is shown in the upper frame of Figure 6 and with an enlarged view of the trailing edge distribution in the lower frame. Analogous to the behavior observed in the pressure coefficient, the fully turbulent calculations yield similar predictions of the skin friction, both S-A and SST in reasonable agreement with measurements for chordwise stations past x/C = 0.4. The tripless S-A result predicts a laminar boundary layer prior to separation and yields a substantially lower C f compared to the fully turbulent runs upstream of x/C ≈ 0.1. The negative Skin friction coefficient. Upper frame shows the distribution over the suction side of the airfoil. The lower frame shows an enlarged view of the trailing edge region. Measurements "F1" from Huddeville et al. [5] , "F2" from Gleyzes [6] . region in C f near x/C ≈ 0.1 identifies the separation point and length of the reverse-flow region. Following reattachment, the skin friction in the tripless solution sharply increases to values slightly higher than in the fully turbulent predictions. The trailing edge distribution shown in the lower frame of the figure shows a better agreement between experimental measurements and the fully turbulent predictions as compared to the tripless result. The later separation in the tripless prediction compared to both fully turbulent solutions and the experimental measurements is also evident in the C f distributions.
The mean velocity components in coordinates locally tangent and normal to the airfoil surface were measured in experiments [6] , a representative comparison of the simulations to the data are shown in x/C = 0.4 and x/C = 0.5, the tripless S-A prediction of the mean streamwise velocity show an overshoot that is not apparent in the experimental measurements and less pronounced in the fully turbulent S-A and SST predictions. This difference in the streamwise mean velocities is in turn consistent with a weaker trailing edge separation and larger suction near the leading edge as discussed above, aspects that slightly increase the circulation of the airfoil. At x/C = 0.4 and x/C = 0.5, Figure 7 and Figure 8 show good agreement between the fully turbulent RANS predictions and measurements for most of the wall-normal profile, the SST results yielding the closest match to the data. At x/C = 0.7, the wall-normal mean flow in Figure 9 (lower frame) depicts a larger difference between each of the RANS predictions and the measured profile. The under-prediction of the RANS solution indicative of a relatively weaker dis- placement of the mean flow under the action of the adverse pressure gradient developing over the suction side of the airfoil. The remaining profiles, beginning with those measured and predicted at x/C = 0.825 in Figure 10 show larger differences between the predictions and measurements and more substantial differences amongst the RANS models. This is anticipated based on the pressure and skin friction distributions, showing that the RANS and measurements are increasingly different towards the trailing edge region. The profiles at x/C = 0.825 are close to the location of boundary layer separation in the experiments. Both the mean streamwise and wall-normal velocities measured in the experiments and depicted in Figure 10 show the boundary layer on the verge of separation. The RANS predictions, with separation further aft, yield streamwise mean velocities that lead the measurements and wall- normal means that lag the data in the outer region of the boundary layer. The tripless S-A prediction shows the largest difference compared to measurements in both profiles, the fully turbulent SST solution is closest to the measured distributions. At x/C = 0.87 in Figure 11 , the measured profiles of the mean streamwise velocity indicate a weak reverse flow. There is also relatively mild change in the mean wall-normal velocity compared to the measurements at x/C = 0.825. The RANS predictions are also similar to those at the upstream station x/C = 0.825 -none of the RANS predictions indicate boundary layer separation and the mean wall-normal velocity lags the measured values in the outer region.
Compared to the flow upstream, an increase in the peak reverse velocity in the measurements of the streamwise mean is observed at x/C = 0.96 in Figure indicate flow separation prior to this streamwise location. Figure 12 shows that the reversed flow in the streamwise component predicted by both models is much smaller than observed in the measured profile, consistent with the later separation predicted by the models compared to the experiments. As also observed in the profiles upstream of this location, the tripless S-A result over-predicts the measured profile over nearly all of the boundary layer. The mean wall-normal velocities in the lower frame of Figure 12 show the closest agreement between the measurements and fully turbulent RANS solutions, though the profiles show less peak-to-peak variation than indicated in the measurements. The last streamwise station along the airfoil for which measurements were acquired, x/C = 0.99, in Figure 13 shows the SST prediction closest to the measured profile in both the streamwise and wall-normal components. Table 1 shows that the fully turbulent solutions yield similar predictions of the lift and drag coefficients, a useful result given the differences in the modeling (e.g., one equation for S-A compared to two equations for SST). All of the simulations yield lift coefficients higher than the values reported in Huddeville et al. [5] and Gleyzes [6] . The differences in the lift and drag predictions compared to the measured values highlight differences in the flow evolution, especially the differences in the details of flow separation near the trailing edge. The tripless prediction yields the highest lift coefficient, consistent with the later separation than observed in the experiments. The drag coefficients summarized in Table 1 are below the measured values, though the difference in the measured drag coefficient between the two facilities is not small. 1.52 0.0308 Table 1 Lift coefficient CL and drag coefficient CD. 
DES
For the three-dimensional, time-dependent and fully turbulent DES predictions the grid (c.f., Figure 2 ) was extruded into the spanwise (z) direction using 68 points and with a constant spanwise spacing ∆ z /C = 0.0015. Periodic boundary conditions are applied, the spanwise period being 0.1C for the current grid spacing. The timestep used in the DES when made dimensionless using the chord length and freestream speed is 7.8 × 10 −4 , yielding a CFL number based on the spanwise (target) grid spacing of approximately 0.5.
As summarized above for the current grid, the wallparallel directions near the airfoil surface are resolved with 10-12 points per boundary layer thickness beginning at roughly the half-chord, x/C = 0.5. Previous applications of DES in channel flow indicate such resolution corresponds to the coarser range of grid spacings capable of supporting eddy content in the boundary layer [17] , [18] . Grids with sufficient density to resolve boundary layer turbulence are not the norm for the design range of applications aimed at massively separated flows. For the current mesh the interface between the RANS and LES regions is within the boundary layer, activating the DES limiter and lowering the Reynolds stresses near the interface compared to the levels that would be given by the RANS model.
Solutions include development of techniques that seed the boundary layer with eddy content, in an attempt to develop resolved Reynolds stress to supplement the modeled values that are decreased on fine meshes when the RANS-LES interface is close to the wall. One example is the inclusion of backscatter models, e.g., through stochastic forcing of the momentum equations, which has been applied in DES of turbulent channel flow [19] . Control over the location of the RANS-LES interface is an alternative approach and tested in the current simulations. The objective is to maintain RANS behavior in specific regions of the flow, irrespective of the mesh density.
In the present effort, a simple approach is applied by maintaining the RANS model to x/C = 0.5 since the Fig. 15 Isosurfaces of the instantaneous fluctuating pressure in the DES prediction. Alternating signs in the pressure fluctuations indicated by the red (positive) and gray (negative) isosurfaces.
grid density is not sufficient to support eddy content prior to this chordwise station. Shown in Figure 14 are contours of the instantaneous vorticity in four planes along the airfoil. At x/C = 0.4, the RANS model is retained and the figure illustrates that the solution possesses weak spanwise variation. At the subsequent planes a range of scales is resolved as the flow develops eddies in the separating shear layer. Another view is provided in Figure 15 which shows isosurfaces of the instantaneous pressure, the red isosurface indicating positively signed pressure fluctuations and gray isosurface indicating regions of negative pressure fluctuations. The figure shows a relatively large spanwise structure and a range of three-dimensional structures developing downstream.
For the present configuration, unlike flows exhibiting massive separation, the development of threedimensional eddy content is not rapid as the solution convects downstream from the structureless RANS region maintained upstream of x/C = 0.5. The lack of eddy content leads to lower Reynolds stress levels and, in the current case, to a separation of the boundary layer upstream of the location observed in experiments (or predicted in the RANS calculations). This feature highlights the need to seed the flow in order to develop eddy content to replace Reynolds stress reduced via the action of the DES limiter, in addition to more automated means to monitor and control the location of the RANS-LES interface.
Summary
RANS and DES have been applied to the prediction of the flow over the Aerospatiale-A airfoil at maximum lift. Experimental measurements show that the flow is characterized by a laminar separation followed by turbulent reattachment near the leading edge and with a subsequent separation in the trailing edge region. The laminar separation and turbulent reattachment were accurately predicted using the tripless approach within the S-A model, with the reattachment location at x/C = 0.124 in the simulations agreeing well with experimental measurements. Subsequent development of the tripless solution, however, was farther from experimental measurements of the pressure coefficient, skin friction, and velocity distributions compared to fully turbulent predictions obtained using the S-A and SST models.
All of the RANS models predict separation aft of the location indicated in the experimental measurements. Consequently, the mean velocities in the separated region is not as accurately re-produced by any of the RANS models, e.g., differences are noted in the pressure distribution and mean flow near the trailing edge. Measurements and predictions of the wallnormal mean velocity indicate the displacement of the flow by the adverse pressure gradient upstream is not similar in the computations. The delayed separation effectively increases the circulation in tripless S-A prediction, leading to larger suction near the leading edge and higher lift.
Preliminary DES predictions were obtained by maintaining the RANS model over the airfoil to x/C = 0.5, which constitutes the region upstream of that with sufficient grid spacing to adequately resolve eddy content within the boundary layer. The calculations did not utilize any means of seeding fluctuations within the boundary layer that would more efficiently develop resolved Reynolds stress. Such strategies are not required in natural applications of the technique to massively separated flows since the entire boundary layer is usually treated by the RANS model and the explosive growth of instabilities in the separated region provides an efficient mechanism for creating three-dimensional eddy structure. The process of generating eddy structure within the boundary layer represents a steeper challenge than encountered in natural DES applications and is an important area of future work. In addition, the flow places many other demands on the modeling and numerical treatments, all of which require additional research.
